We recall the many obstacles which seemed, long ago, to prevent supersymmetry from possibly being a fundamental symmetry of Nature. We also present their solutions, leading to the construction of the supersymmetric extensions of the Standard Model. Finally we discuss briefly the early experimental searches for Supersymmetry.
Introduction
Although the Standard Model (SM) [1] based on the gauge symmetry SU(3) c ⊗ SU(2) L ⊗ U(1) Y describes the observed properties of charged leptons and quarks it is not the ultimate theory. The necessity to go beyond it, from the experimental point of view, comes at the moment only from neutrino data. If neutrinos are massive, and oscillate, new physics beyond the SM is needed.
Supersymmetry (SUSY) is an extremely interesting mathematical structure which arose in theoretical papers more than 30 years ago independently by Golfand and Likhtman [2] , Volkov and Akulov [3] and Wess and Zumino [4] . The supersymmetry algebra was introduced in [2] 1 . There and in the Wess-Zumino article [4] , the supersymmetry generator Q relates bosons with fermions in the usual sense. The Volkov-Akulov article, however, deals only with fermions. The supersymmetry generator acts in a non-linear way, turning a fermion field into a composite bosonic one made of two fermion fields [3] 2 . This illustrates that the supersymmetric algebra by itself does not require superpartners -in contrast with what is commonly said or thought now.
Since that time many papers have appeared. This remarkable activity is due to the unique mathematical nature of supersymmetric theories, which provide possible solutions for various problems of the SM within its supersymmetric extensions, opening the perspective for a unification of all interactions in the framework of a single theory [5, 6, 7, 8, 9] .
There are no direct indications on existence of supersymmetry in particle physics, however there are a number of theoretical and phenomenological issues that the SM fails to address adequately:
• Unification with gravity; The point is that SUSY algebra being a generalization of Poincaré algebra [7, 8, 9, 10] : 
Therefore, an anticommutator of two SUSY transformations is a local coordinate translation. And a theory which is invariant under the general coordinate transformation is General Relativity. Thus, making SUSY local, one obtains General Relativity, or a theory of gravity, or supergravity [11] .
• Unification of Gauge Couplings; According to hypothesis of Grand Unification Theory (GUT) all gauge couplings change with energy. All known interactions are the branches of a single interaction associated with a simple gauge group which includes the group of the SM. To reach this goal one has to examine how the coupling change with energy. Considerating the evolution of the inverse couplings, one can see that in the SM unification of the gauge couplings is impossible. In the supersymmetric case the slopes of Renormalization Group Equation 2 They started the foundations of supergravity curves are changed and the results show that in supersymmetric model one can achieve perfect unification [12] .
• Hierarchy problem; The supersymmetry automatically cancels all quadratic corrections in all orders of perturbation theory due to the contributions of superpartners of the ordinary particles. 
which should not be very large (≤ 1 TeV) to make the fine-tuning natural. Therefore, it provides a solution to the hierarchy problem by protecting the electroweak scale from large radiative corrections [13] . However, the origin of the hierarchy is the other part of the problem. We show below how SUSY can explain this part as well.
• Electroweak symmetry breaking (EWSB); The "running" of the Higgs masses leads to the phenomenon known as radiative electroweak symmetry breaking. Indeed, the mass parameters from the Higgs potential m 2 1 and m 2 2 (or one of them) decrease while running from the GUT scale to the scale M Z may even change the sign. As a result for some value of the momentum Q 2 the potential may acquire a nontrivial minimum. This triggers spontaneous breaking of SU(2) symmetry. The vacuum expectations of the Higgs fields acquire nonzero values and provide masses to fermions and gauge bosons, and additional masses to their superpartners [14] . Thus the breaking of the electroweak symmetry is not introduced by brute force as in the SM, but appears naturally from the radiative corrections.
However SUSY seemed, in the early days, clearly inappropriate for a description of our physical world, for obvious and less obvious reasons, which often tend to be forgotten, now that we got so accustomed to deal with supersymmetric extensions of the SM. Following [15] , on this article, we first we recall the obstacles which seemed, long ago, to prevent SUSY from possibly being a fundamental symmetry of Nature.
Starting in the early 1980's, people began to realize that SUSY might indeed solve some basic problems of our world. Appeared a lot of SUSY correct predictions, some of them are [16] :
• Supersymmetry predicted in the early 1980s that the top quark would be heavy [17] , because this was a necessary condition for the validity of the electroweak symmetry breaking explanation.
• Supersymmetric grand unified theories with a high fundamental scale accurately predicted the present experimental value of sin 2 θ W before it was measured [18] .
• Supersymmetry requires a light Higgs boson to exist [19] , consistent with current precision measurements, which suggest M h < 200 GeV [20] .
Together these successes provide powerful indirect evidence that low energy SUSY is indeed part of correct description of nature. Our second goal is to present a review about the construction of the Supersymmetrics extensions of the SM, as well we present the earliest experimental search to SUSY. The paper is organized as follows. In Sec. 2 we present the main difficulties in constructing phenomenological supersymmetric extensions of the SM, with their solutions in Secs. 3 and 4. Sec. 5 is a short review of early experimental searches for SUSY. Appendices deal with R-symmetry and Feynman rules in the strong sector of supersymmetric extensions of the Standard Model.
2 Nature does not seem to be supersymmetric!
We review here some obstacles which seemed, long ago, to prevent SUSY from being a fundamental symmetry of Nature. The first crucial question we can formulate, if SUSY is to be relevant in particle physics, is:
• Which bosons and fermions could be related by SUSY?
There seems to be no answer since wew know more bosons than fermions. By another hand, they do not appear to have much in common. Maybe, SUSY could act at the level of composite objects, e.g. as relating baryons with mesons ?
We remind that in november 1974 a new vector meson was discovered independently by two groups in Brookhaven and Stanford (USA), denoted by J or Ψ, now generally called J/Ψ. The true nature of this particle was the subject of lively debates, with the final explanation provided by the quark model. The J/Ψ is a bound state of a new quark, c (for charm), with J/Ψ ≡ cc.
In the quark model there are more baryons (composed of three quarks with half-integer spin, obeying Fermi-Dirac statistics) than mesons (composed of a quark and an antiquark, with integer spin, and obeying Bose-Einstein statistics). In the original Eightfold Way proposed by Murray Gell-Mann in 1961, there are 18 baryons forming an octet and a decuplet, and 8 mesons. With four quarks u, d, s and c, the difference between these numbers gets bigger.
We might try to relate baryons and mesons, but what to do with the baryons "in excess"? It was thus realized that it would be very difficult to relate them through the supersymmetric algebra: how could we deal with the fact that there are more baryons than mesons ?
This leads to ask: Should supersymmetry act at a fundamental level, i.e. at the level of leptons, quarks and gauge bosons ? We can try do it, possibly with the help of the idea, tentatively pursued in [21] , that the photon could be related with the neutrino, as both are massless (or almost massless) and have no electric charge.
But how do we know that the solution is like that ? The answer is in fact that it is not ... However, if we try to follow this way for a while we arrive to another problem. The known leptons and quarks are Dirac fermions carrying conserved baryon number (B) and lepton number (L). All observed processes in nature respect conservation laws for B and L.
In the beginning of 1974, only two fermion families were known and not even complete with the charm quark still to be discovered. Neutral current effects had just been discovered the year before, in 1973, with very little information available about the structure of the weak neutral current (or currents ?). And the lower limit on the mass of the postulated charged W boson was something like 5 GeV. The Standard Model was a recent theoretical construction, far from "Standard" yet in today's sense; its W ± and Z bosons, of course hypothetical, were considered as really very heavy. And even-more-hypothetical Higgs fields were generally viewed as a technical device to trigger or mimic the spontaneous breaking of the gauge symmetry.
In addition, one had to face the question:
• How could one define (conserved) baryon and lepton numbers in a supersymmetric theory ? This appeared especially difficult as B and L are known to be carried by fundamental fermions only, not bosons ...
The translation generator (momentum) P m appears in the supersymmetric algebra, see Eq.
(1), in agreement with Lorentz covariance. Therefore, SUSY is a space-time symmetry and it is independent of all internal symmetries. This meant thet the generators of supersymmetric transformations commutes with the generator of any internal symmetries.
This will lead us to attribute baryon and lepton numbers also to fundamental bosons, now called squarks and sleptons, as well as to fundmanetal fermions. Nowadays we are so used to deal with spin-0 squarks and sleptons, carrying baryon and lepton numbers almost by definition, that we can hardly imagine this could once have appeared as a problem.
Attributing baryon and lepton numbers to bosons as well as to fermions, however, could lead to an immediate disaster, preventing us from getting a theory that conserve B and L quantum numbers. This may be formulated through the question:
• How can we avoid unwanted interactions mediated by spin-0 squark and slepton exchanges?
This problem, in fact, can be avoided thanks to R-parity. The Rsymmetry was introduced in 1975 by P. Fayet [21] within a first SU(2)⊗ U(1) electroweak theory (see also A. Salam and J. Strathdee in [22] ), then extended to the gauge interactions of quark and lepton superfields, and to their superpotential interactions with the two doublet Higgs superfields now known as H 1 and H 2 in [5] . This continuous R symmetry, later reduced to its discrete R-parity subgroup, allows for B and L conservation laws by forbidding unwanted superpotential interactions that would violate either baryon or lepton number conservation laws (or both). Nice reviews may be found in [23, 24] . We show in Appendix B that the terms
used in the construction of supersymmetric Lagrangian densities, are invariant under the continuous R symmetry provided a n a = 2 , n a being the R-index of the superfield Φ a .
The great success of the Standard Model with its broken SU(2) L ⊗ U(1) Y symmetry has convinced of the usefulness of broken symmetries. Unfortunately it is not easy to break SUSY spontaneously. One problem follows directly from the SUSY algebra itself, which implies that the energy is always non-negative definite (at least in global SUSY models). Indeed, E =< 0| H |0 > and due to the SUSY algebra, see Eq.
(1), we can write
As Tr(σ m P m ) = 2P 0 , one gets formally
According to this argument, SUSY would be spontaneously broken, with the vacuum state not invariant under SUSY (i.e. Q α |0 > = 0), if and only if the minimum of the potential is strictly positive, corresponding to a positive energy density. But on the other hand a supersymmetric vacuum state must have vanishing energy, and is therefore necessarily stable ! It thus seemed that SUSY could not be spontaneously broken at all, which would imply that bosons and fermions be systematically degenerated in mass 3 . This is clearly not realistic, as there is no boson with the same mass 511 keV as the electron, nor with the same mass 106 MeV as the muon, etc, unless of course SUSY breaking terms are explicitly introduced "by hand". This leads to the question:
• Is spontaneous SUSY breaking possible at all ?
The answer is yes but it is not so easy. Spontaneous breaking of SUSY may be achieved in a way somewhat similar to the electroweak symmetry breaking, with a field whose vacuum expectation value (vev) is non-zero and breaks spontaneously the symmetry.
Due to the special character of SUSY, this field should be one (or a combination) of the auxiliary F or D field-components of superfields. One must then be able to arrange, and this is the difficult point, so that one at least of these auxiliary fields acquires a non-vanishing vev, although they all tend to reach as much as possible a point at which they would vanish, so as to minimize the energy.
Among possible spontaneous SUSY breaking mechanisms one distinguishes the F and D ones. i) Fayet-Iliopoulos (D-term) mechanism [25] . In this case the, the linear D-term is added to the Lagrangian
It is gauge and SUSY invariant by itself.
When this mechanism is applied to supersymmetric extensions of the standard model, the resulting mass spectrum is problematic, due in particular to the following sum rule boson states
valid in a SU(3) ⊗ SU(2) ⊗ U(1) gauge theory (at the classical level), and in particular in the quark subsector [26] . This would prevent one to make all squarks (and sleptons) heavy, at the classical level, unless one extends the gauge group to include an extra U(1) factor beyond SU(3) ⊗ SU(2) ⊗ U(1).
ii) F -breaking mechanism, due to Fayet [27] and O'Raifeartaigh [28] . Several chiral superfields are needed for that purpose and the superpotential should be chosen very carefully, with additional restrictions as generally provided by an R symmetry, to avoid the otherwise quasisystematic presence of supersymmetric vacuum states in which all auxiliary components would vanish. For instance, choosing the superpo-
, one gets the equations for the auxiliary fields
which have no solution with < F i >= 0, so that SUSY is spontaneously broken.
This mechanism necessitates the introduction of a completely new sector for the breaking of the supersymmetry, which leads a lot of arbitrariness in the superpotential and resulting potential. The sum rule (5) is also valid here (up to radiative corrections).
Unfortunately, none of these mechanisms may be used directly in a satisfactory way in the minimal versions of SUSY extensions of the SM, owing also to the difficulty of generating spontaneously sufficiently large gluino masses in these models [26, 29] . Until today, spontaneous SUSY breaking leading to an acceptable mass spectrum remains, in general, rather difficult to obtain at least within global supersymmetry. We thus generally parametrize our ignorance about the true mechanism of SUSY breaking chosen by Nature to make superpartners heavy by introducing in the Lagrangian density additional terms breaking the supersymmetry explicitly, but softly, in the sense that they do not reintroduce quadratic divergencies in the theory. These terms are [30] -gaugino mass terms − M a λ a λ a , where a is the group index;
-scalar mass terms −M
-trilinear scalar interactions A ijk φ i φ j φ k ;
-and bilinear terms −B ij φ i φ j + h.c. 4 .
Of course just accepting the possibility of explicit SUSY breaking without worrying too much about the origin of SUSY breaking terms makes things much easier -but also at the price of introducing a large number of arbitrary parameters, coefficients of these supersymmetry-breaking terms. If we allow all the new parameters introduced above to be complex in the Minimal Supersymmetric Standard Model we would be dealing with some 124 unknown real constants, 19 of which are already in the SM while 105 are new.
Before introducing these soft terms and deal in this way with supersymmetry breaking, there was another related question:
• Where is the spin-
Goldstone fermion of SUSY ?
Could it be one of the known neutrinos [3] ? If the Goldstone fermion of SUSY is not one of them, why hasn't it been observed ? Today we tend not to think at all about this question because the generalized use of soft terms breaking explicitly the SUSY seems to make this question irrelevant.
Historical review of the construction of the Minimal Supersymmetric Standard Model
The first attempt to construct a supersymmetric electroweak model of "leptons" was done in [21] , where the author tried to relate known particles together -in particular, the photon with a "neutrino", and the W ± 's with charged "leptons", also related with charged Higgs bosons (now H ± ). This first SU(2) ⊗ U(1) electroweak theory involved two doublet Higgs superfields now known as H 1 and H 2 5 , and remains today as the heart of supersymmetric extensions of the Standard Model [5] .
It describes the SU(2) ⊗ U(1) massive gauge bosons W ± , Z 0 and the photon, the "electron" and its "neutrino", together with other heavy particles including a charged scalar Higgs boson w ± (now H ± ) and a "heavy electron" E ± (see next section for more details about the mass spectrum). It also introduced R-invariance. This continuous R-invariance was interpreted at the time as associated with lepton number conservation (quarks were not considered in this article), e − , e 0 and ν L having "lepton number" +1, and E − and E 0 −1. These charged and neutral "leptons" were soon to be reinterpreted as new particles, becoming the "charginos" and "neutralinos" of supersymmetric extensions of the Standard Model [5] .
In 1975 the R-invariance were introduced to prevent scalar-particle to be exchanged in the µ-decay, it was associated with lepton number conservation. Later, in 1976, it was generalized to also include baryonic number conservation. Then the role of the R-invariance were to avoid the scalar particle exchange in µ and β-decay as analysed in 1977 [5] . Since that time, we associate the conservation of R-invariance with the conservation of lepton and baryon number.
Since the new bosons carrying electronic, muonic or baryonic number are all heavy, these quantum numbers effectively appear as carried by fermions only at low energies. In addition these new spin-0 particles now known as squarks and sleptons cannot be exchanged in µ-or β-decay (only the W ± and charged Higgs being exchanged as in Fig. 1 ), thanks to R-symmetry or simply its discrete version known as R-parity. Moreover, the scattering λ γ + e − → λ γ + e − may be induced by the exchanges of scalar particles, as shown in Fig. 2 , where s e − and t e − , first called "septons" and "teptons", became today's sleptons, in this case selectrons; λ γ being the photino.
Ref.
[5] also introduced squarks (called "sarks" for s Figure 1 : Diagrams contributing to β-decay, taken from the last reference in [5] . In the second diagram, a new charged scalar Higgs boson w ± is exchanged. This diagram is negligible with respect to the first since Yukawa coupling constants vanish with fermion masses.
Figure 2: Scattering of a new "neutrino" λ γ (now the photino) on electrons induced by the excanges of septons and teptons respectivelly, taken from the last reference in [5] .
as Supersymmetric Quantum Chromodynamics (SQCD), which also involves quartic interactions for squark fields.
This article also introduced a second U(1) gauge group with coupling constant g ′′ , originally intended to trigger a spontaneous breaking of the supersymmetry and generate spontaneously relatively large masses for squarks and sleptons, by inducing m 2 • squark and slepton mass terms from the corresponding < D ′′ >. The resulting Goldstone spinor is then a linear combination involving in particular the extra-U(1) gaugino λ ′′ , and the photino λ γ . Mass splittings are obtained, in particular for quark and lepton superfields, coupled to V ′′ (and to V γ for the charged ones). The Goldstone neutrino λ G , the photon-neutrino λ γ , and gluon-neutrino λ a , are at this stage massless and carry one unit of R-number. The heavy scalars s i and t j associated with quarks and leptons carry R-number equal +1 (for s i ) or −1 (for t j ). These scalars have very short lifetimes. One Figure 3 : Examples of pair-production of new scalars -now sleptons and squarks -in e + e − scatterings, taken for the last reference in [5] . λ γ and λ G denote the photino and goldstino, respectively. Figure 4 : Scattering quark + quark into a pair of squarks, taken for the last reference in [5] . p and n stand for the u and d quarks, s p and t n for the corresponding squarksũ andd, λ γ and λ G and λ a denote the photino, goldstino and gluinos, respectively. of their decay modes gives back the corresponding fermion, together with a Goldstone-neutrino, or a photon-neutrino for a charged particle. The scalars can be produced in pairs, for example in e + e − scatterings (cf. Fig. 3 ) and in quark-quark scatterings as shown in Fig. 4 .
New processes such as represented in Figs. 2 and 5 may be important in the study of stellar cooling, and supernovae explosions. The process in Fig.  4 may be relevant for black holes, or in the very early stages of the Universe. In all reactions described above, the R-number is conserved. In 1977 the photon-neutrino had its name contracted into photino and gluon-neutrinos into gluinos [10] . The sarks and tarks, septons and teptons became later the Figure 5 : Scattering of new neutrino λ G on electrons, taken from the last reference in [5] .
squarks and sleptons. However, such an unbroken continuous R-symmetry acting chirally on gauginos, and gluinos in particular, would maintain the latter massless, even after a spontaneous breaking of the SUSY [29] . Indeed the gaugino's mass term is given by [30] m λ λλ +λλ ,
which, under the R-symmetry, see Eq. (44), transforms into
so that the mass term (6) is not invariant under R. This forces us to abandon the continuous R-symmetry, in favour of its discrete version called R-parity. This one allows for gluinos and other gauginos to acquire masses. Moving from R-symmetry to R-parity is in any case necessary within supergravity, so that the spin-
(Majorana) gravitino can acquire a mass m 3/2 , which does also violate the continuous R-symmetry [10] .
In the early days, though, it was difficult to obtain significant masses for gluinos, due the fact that:
• no direct gluino mass term was present in the Lagrangian density;
• no such term may be generated spontaneously at the tree approximation, since gluino couplings involve colored spin-0 fields which cannot be translated.
In this case, gluinos remain massless (at least at the classical level), and we would then expect the existence of relatively light "R-hadrons" 6 [31, 32] , which have not been observed. We know today that gluinos, if they do exist, should be rather heavy, requiring a significant breaking of the continuous R-invariance, in addition to the necessary breaking of the supersymmetry. A third reason for abandoning the continuous R-symmetry in favor of its discrete R-parity version is now the non-observation at LEP of a charged wino -also called chargino -lighter than the W ± , that would exist in the case of a continuous R-invariance [5, 21] . The just-discovered τ − particle could tentatively be considered, in 1976, as a possible light wino/chargino candidate, before getting clearly identified as a sequential heavy lepton, the τ lepton.
Gluino masses may result directly from supergravity, through m 3/2 , which also leads to abandon the continuous R symmetry for R-parity as already observed in 1977 [10] . Another method, which does not use supergravity, generates m gluino radiatively using, in modern terminology, "messenger quarks" sensitive to the source of SUSY breaking [29] . The resulting gluino mass, however, would be small, unless the mass of the messenger quarks responsable for the generation of gluino masses is taken to be rather large.
The conservation (or non-conservation) of R-parity is closely related with the conservation (or non-conservation) of baryon and lepton numbers, B and L, as illustrated by the well-known formula reexpressing R-parity in terms of baryon and lepton numbers, as (−1) 2S (−1) 3B+L [31] . This may also be written as (−1)
, showing that this discrete symmetry may still be conserved even if baryon and lepton numbers are separately violated, as long as their difference B −L remains conserved, at least modulo 2.
The finding of the basic building blocks of the Supersymmetric Standard Model, whether "minimal" or not, allowed for the experimental searches for "supersymmetric particles", starting with the first searches for gluinos and photinos, selectrons and smuons, in the years 1978-1980, and going on continuously since. These searches often rely on the "missing energy" signature corresponding to energy-momentum carried away by unobserved neutralinos [5, 31, 32, 33] . A conserved R-parity also ensures the stability of the "lightest supersymmetric particle", a good candidate to constitute the nonbaryonic Dark Matter that seems to be present in the Universe.
Massive neutrinos can also be naturally accommodated in R-parity violating supersymmetric theories, where neutrinos can mix with neutralinos so that they acquire small masses [23, 34, 35, 36, 37] . The phenomenological bounds on B and/or L violations [23, 24, 37] can be satisfied by imposing B as a symmetry and allowing L-violating couplings to be sufficient to generate appropriate neutrino Majorana masses.
Beyond that, the minimal extension of the MSSM also introduces an extra singlet superfield now called S, this model is called the "Next to Minimal Supersymmetric Standard Model" (NMSSM) [21, 8] .
In fact, P. Fayet started in 1975 [21] 
as in the "general NMSSM" with f (S) including in principle S 3 , S 2 and a linear S terms. He then kept only the linear term proportional to S (leading to the model now known as the nMSSM), as he wanted:
• A continuous R-symmetry surviving electroweak (EW) breaking;
• EW breaking occurring independently of SUSY breaking, i.e. even "before" SUSY gets spontaneously broken.
Later he also considerated in [5] the possibility of gauging an extra U(1) factor in the gauge group (USSM), which requires the f (S) terms in the superpotential (8) to be absent, as S is charged under this extra U(1).
One of the simplest extensions of the SM that allows to naturally explain the smallness of neutrino masses (without excessively tiny Yukawa couplings) incorporates right-handed (Majorana) neutrino fields with a seesaw mechanism [38, 39] for neutrino mass generation [40, 41, 42, 43] , it is the "Minimal Supersymmetric Standard Model with three right-handed neutrinos" (MSSM3RHN) [9] .
The introduction of three families of right-handed neutrinos N i (where i is flavor index) brings two new ingredients to the SM; the Majorana mass scale for the right-handed neutrinos, and a new matrix for their Yukawa coupling constants. We thus have two independent Yukawa matrices in the lepton sector as in the quark sector. This model can accommodate a seesaw mechanism, while stabilising the hierarchy between the scale of new physics and the EW scale [44] . 4 The original construction
From original notations to modern ones
Considerating [15] , we give an short review on the first studies on the MSSM, discussing in particular the connections between original notations and the ones used today. The left-handed doublet Higgs superfield S is now denoted by H 1 , and the right-handed one T is replaced by its conjugate, T c = H 2 . In the quark and lepton sector the superfields S i , left-handed, and T j , righthanded, describe the left-handed and right-handed spin- This model contains the field content indicated in Table 1 . The family indices are i, j = 1, 2, 3. The parentheses in the first column refer to transformation properties under (SU(3) C , SU(2) L , U(1) Y ). All this constitutes the basic structure of the Minimal Supersymmetric Standard Model , which involves the minimal set of ingredients shown in Table 2 .
The Lagrangian of this model was written as
where L SU SY includes ξ ′ D ′ , the Fayet-Iliopoulos (D-term) term for the weakhypercharge U(1) (its contribution gets today included within the additional L sof t SUSY-breaking terms). The various terms in L SU SY are given by
Superfield
Usual Particle Spin Superpartner Spin 
where the subscripts a and i are family (or group) indices. These terms correspond to the SU(3) ⊗ SU(2) ⊗ U(1) gauge interactions of quark and lepton superfields. Before continuing, we remember that SUSY's phenomenology started with the search for "R-hadrons" [31, 32] , which are (unstable) strongly-interacting particles built from gluinos. The corresponding Feynman rules for the gluinos, quarks and squarks are derived in Appendix C. The last piece of the Lagrangian density corresponds to the electroweak interactions of the two doublet Higgs superfields S and T (now replaced by H 1 and H 2 ), written as
(11) The field strengths are given by [7] 2) chiral superfields for the three quark and lepton families;
3) two doublet Higgs superfields S and T responsible for EW breaking, 4) quark and lepton masses, through the trilinear superpotential given in Eq. (15) .
The superpotential for quarks and leptons
To generate the appropriate quark and lepton mass terms three types of superpotential terms were considered in [5] , generically written as
under the condition that they are gauge invariant. This superpotential is taken to be an even function of the quark and lepton superfields (S i and T j ), i.e. invariant under R-parity, to allow for B and L conservation and avoid automatically direct exchanges of squarks and sleptons between ordinary quarks and leptons. The bilinear terms T † j S i are absent in minimal supersymmetric extensions of the SM. They correspond, more generally, to a direct superpotential mass term for vectorial quarks or leptons, present only for left-handed and right-handed fields having the same gauge transformation properties. It was considered because at that time the SM structure with quarks and leptons transforming as left-handed doublets and right-handed singlets was not confirmed yet, and Fayet wanted to allow for more general possibilities. Although absent in minimal SUSY extensions of the SM, such terms may be important in other situations. This is the case for the vectorial "messenger" quarks (and leptons) introduced to generate gluino masses from the messenger scale through radiative corrections [29] , as done now in the so-called "GMSB" models.
Let us return to the superfields describing the usual SM quarks and leptons, which are the left-handed doublets S i and right-handed singlets T j . The products T † j S i are left-handed doublet superfields, as follows
They are bilinear products of left-handed lepton (S a ) and quark (S i ) doublet superfields, with the conjugates of their right-handed superfield counterparts describing right-handed leptons (T a ) and quarks (T i ). These conjugates are left-handed singlet superfields now denoted as T 
i.e. in modern langage, as seen from (14),
One should still add the µ H 1 H 2 direct Higgs superpotential mass term when it is allowed by the symmetries considered. It should otherwise by replaced as in [21] by a trilinear coupling with an extra singlet superfield, now written as λ H 1 H 2 S, as in indicated in (8) .
The vacuum expectation values of the two Higgs doublets described by S and T are given (depending on how chiral superfields are normalized) by
They generate charged-lepton and down-quark masses, and up-quark masses, given here by
. The correspondence between the earlier notations for doublet Higgs superfields and mixing angle, and modern ones, taken from the third reference in [15] , is as follows:
and
The whole construction showed that one could deal elegantly with spin-0 Higgs boson fields (not a very popular ingredient at the time) in the framework of spontaneously-broken supersymmetric theories.
The exact mass spectrum depends of course on the details of the supersymmetry breaking mechanism considered: use of soft-breaking terms, possibly "derived from supergravity", presence or absence of extra-U(1) gauge fields and/or additional chiral superfields (as in the USSM or N/nMSSM), rôle of radiative corrections involving messenger quarks, etc.. In any case, independently of the details of the supersymmetry-breaking mechanism ultimately considered, we obtain the minimal particle content of the Supersymmetric Standard Model, as given in Table 3 . Table 3 : Minimal particle content of the MSSM taken from the first reference in [15] .
Higgs bosons leptons l sleptonsl quarks q squarksq
Mass spectrum in the gauge and Higgs sector of the nMSSM
More specifically the particle spectrum of the model described in [21] , which corresponds in fact to the gauge and Higgs sector of the nMSSM (with at this stage no or only a minimal breaking of the supersymmetry, limited to charged particles), is described below. At first the gauge boson fields
where A m is the massless photon field. The masses of the heavy vector bosons are at lowest order
where θ is related to the gauge boson mass ratio by
Their supersymmetric partners (gauginos) are defined by:
The photino λ γ , associated with the photon within a massless gauge multiplet of supersymmetry, is also here the massless Goldstone spinor from the spontaneous breaking of the supersymmetry. The latter role will of course disappear if soft terms breaking explicitly the supersymmetery are introduced, so as to make superpartners heavy. The scalar-boson mass-eigenstate combinations are denoted by
Their zeroth order masses are
The physical spinors are
Their masses are at lowest order
the latter vanishing exactly as a consequence of the continuous R-invariance, and of the role of this would-be "neutrino", i.e. in fact of the photino, as a Goldstone spinor. The fields E − , E 0 and e 0 are associated with heavy "leptons". ν L is identified with the "neutrino" field, and e − with the "electron" field. The charged fermion masses are related to the mixing angle δ by
There is here for the moment no mass splittings between bosons and fermions within neutral multiplets of supersymmetry. The Z remains at this stage mass-degenerate with a neutral Higgs boson (now called h), and the W ± with a charged one (now called H ± ). The fermions of this initial model became the charginos and neutralinos of the supersymmetric extensions of the standard model [5] , the mixing angle δ defined by tan δ = v ′ /v" being now replaced by β, defined by the same formula tan β = v 2 /v 1 .
Early searches for supersymmetry
We present here the first studies on the experimental consequences of Supersymmetric Extensions of the Standard Model.
R-Hadrons
SUSY's phenomenology started with the search for "R-hadrons" [31, 32] in 1978, potentially the most easily detectable of the new particles associated with supersymmetry, as gluinos could have been massless or light, with their masses naturally protected from being large by the continous R-symmetry -in contrast with squark and slepton masses, which could be much larger.
In this first phenomenological article Farrar and Fayet started defining "R-hadrons" in the following way [31] : "The gluinos, which are flavor singlets and belong to a color SU(3) octet, interact strongly with the octet of gluons and may combine with quarks, anti-quarks and gluons in much the same way as quarks presumably do, giving new hadronic states carrying one unit of R, which we call R-hadrons. Combined with,qq or simply gluons, gluinos lead, respectively, to new bosonic states (R-baryons) and new fermionic states (R-mesons, R-glueballs) which are color-singlets with a flavor multiplet structure similar to ordinary baryons, mesons and glueballs.
These states should be produced in pairs in hadronic reactions. Naively, since gluinos-gluon interaction is like the quark-gluon interaction except for Clebsh-Gordan coefficients, one can expect R-hadron pair production comparable to the pair production of the corresponding hadrons of comparable mass".
The lightest of these R-odd hadrons is expected to be neutral and if gluinos are indeed massless, 1-1.5 GeV or up to 2 GeV is a reasonable estimate for the mass of the R-glueball, the production of light R-hadrons being naively expected at the millibarn level [31] .
In the second phenomenological article dealing with supersymmetry we find [32] : "Those R-hadrons which are stable to strong and electromagnetic decays are nevertheless unstable. The decay into ordinary hadrons by emitting a new neutrino-like particle, the nuino (this may be the Goldstino, arising from the spontaneous breaking of the supersymmetry, or the photino, the fermionic partner of the photon). The corresponding lifetimes depend strongly on the class of models considered and, obviously, on the R-hadrons masses. We estimate [31] , in the simplest models, that R-hadrons in the interval 1 − 1.5 GeV have lifetimes ≈ 10 −12 − 10 −15 s or less". In this article they also evaluate the cross section for the production of a pair of R-hadrons in pN collisions, through the reaction pN → RR. They get, for a R-hadron mass of 2 GeV σ pN →RR+X ≤ 40 µb at √ s = 27 GeV.
Their properties and production rates are model-dependent, partly because the understanding of hadrons was not yet very good at the time.
In the late 1970s, several fixed-target experiments obtained upper limits on the pair-production cross section of hadrons decaying to a final state with missing energy-momentum 7 , excluding a range of mg (of typically less than a few GeV's), depending on the lifetime. All experiments give negative results (for more details see [9] ), and we know today that gluinos should be quite heavy ...
Pair production of spin-0 leptons in e
+ e − annihilations.
The pair-production of spin-0 leptons directly in e + e − annihilations at the SPEAR collider was studied in 1979 [33] , and this process was used soon after to search for selectrons and smuons at PETRA. This article concentrated on the spin-0 partners of the electron and muon. These channels were chosen because their electromagnetic properties are completely determined by supersymmetry, production cross sections are substantial (above threshold) and they have a very distinctive signal.
The authors also considered in their study the signal in the experiment: "Spin-0 leptons are unstable and decay extremely quickly into the corresponding lepton by emission of a photino or goldstino". The corresponding reaction is shown in Fig. 3 :
+ 2 unobserved photinos or goldstinos.
Following [33] , "This would lead to non-coplanar events with half of the energy missing on average, since the photinos or goldstinos would be unobserved". The cross section for selectrons (K ≥ 1) or smuons (K = 0) is given by:
the second term being associated with photino exchanges in the t channel, for the pair-production of selectrons. Staus were not considered, as "For spin-0 τ 's, the limit is inevitably lower, since non-coplanar τ + τ − pairs are not observed directly, but by looking at µ ± + hadrons + (missing energy) events".
The production of such no-coplanar e + e − (or, similarly, µ + µ − ) pairs with missing energy-momentum is not larger than ∼ 10 pb at E b ≈ 3.6 GeV (the available beam energy at the time), leading to the conclusion that spin-0 electrons and muons had to be heavier than ∼ 3 1 2 GeV. These lower limits soon increased up to about 15 GeV at PETRA, and are now larger than 90 GeV, from LEP experiments ... For spin-0 quarks which could be pair-produced in e + e − annihilations, in addition to ordinary to spin- 1 2 ones, on would get altogether the ratio
q i being the charges of the u, d, c, s and b quarks.
Conclusion
We reviewed the problems one had to face for the construction of a supersymmetric extension of the SM, in the early days of the supersymmetry theory. We presented the first supersymmetric extension of the standard model constructed by P. Fayet in the years 1974-77, and, as a last topic, the first studies of experimental consequences of supersymmetry following from this work. We hope that this analysis will be useful to those interested in supersymmetric extensions of the standard model.
A Lagrangian density
The Lagrangian density coupling chiral to gauge superfields, invariant under local gauge transformations, is given by:
where
The superpotential terms are obtained as
The supersymmetric Yang-Mills Lagrangian density is given by
B R Symmetry R-symmetry is better understood with the superspace formalism. It is a continuous U(1) symmetry acting on the supersymmetry generator, parametrized by α. The corresponding operator will be denoted as R. R-symmetry acts on the superspace coordinate θ,θ as follows [7] Rθ = e −iα θ,
θ has R-charge R(θ) = −1, whileθ has R(θ) = 1. The operator R acts on left-handed chiral superfields Φ(x, θ,θ) and (righthanded) anti-chiral onesΦ(x, θ,θ) in the following way [6, 7] RΦ(x, θ,θ)
where n Φ is the R-charge of the chiral superfield. It acts on vectorial (gauge) superfields by
The expansions of the superfields in terms of θ andθ, see [7] , are given by
A(x), F (x) and D(x) are scalar fields; ψ(x) and λ(x) are fermion fields, while A m (x) is vector field.
Combining (37) and (40) we get the transformations for the field components:
From (39) and (42), the field components in the vector superfield transform as
These transformations may be rewritten in terms of 4-components spinors as [6, 24] A m (x)
The Majorana spinor Λ represents gauginos, and Ψ(x) the Dirac spinors for quarks and leptons. For products of left-handed chiral superfields,
C Feynman Rules for SQCD
We derive here the Feynman Rules for SQCD presented in this article.
C.1 Interaction from L gauge
We can rewrite L gauge , see [8, 9] and Eq. (34) , in the following way
the first part is given by:
with
g s is the strong coupling constant and f abc are the totally antisymmetric structure constants of SU(3). The second term can be rewritten as
The last term is given by
C.1.1 Gluon self-interactions
These interactions are derived from Eqs.(49,50), the same as in usual QCD, leading to the same Feynman rules.
C.1.2 Gluino-gluino-gluon interactions
This interaction is obtained from Eqs.(51, 52), combining into
the first term gives the kinetic term for gluinos, and the last one the gluinogluino-gluon interaction.
Considerating the four-component Majorana spinor for the gluino,
we can rewrite Lgg g in the following way
Owing to the Majorana nature of the gluino one must multiply by 2 to obtain the Feynman rule (or add the graph withg ↔ḡ)! The above equation induces the Feynman rule for the vertex gluinogluino-gluon given in Fig. 6 , as obtained in [8, 9] . 
C.2 Interaction from L quarks
The interactions within the strong sector are obtained from the following Lagrangian densities 
for the color anti-triplet generators.
C.2.1 Quark-quark-gluon interaction
This interaction comes from the first Lagrangian density in Eq.(58), and may be rewritten as 
so that L qqg = −g s q=u,dΨ we obtain the Feynman rule for the vertex qqg in Fig. 7 , as given in [8, 9] . The gluino-gluon interaction is similar the quark-gluon interaction, as seen from Figs. 6 and 7, which leads to the idea of "R-hadrons" discussed in [31, 32] . 
C.2.2 Squark-squark-gluon interaction
The relative minus sign between theq L andq R terms is due to the fact thatq R are colour antitriplets with colour generator given in (59). We use a similar notation as in [9] , withq * creating the scalar quarkq, whileq destroys the scalar quarkq. 
where k i and k j are the four-momenta ofq i andq j in direction of the charge flow. This gives the Feynman rule in Fig. 8 , in agreement with [8, 9] . 
Using the formula for SU(3) generators 
we can rewrite our Lagrangian density in the following way (including the generalization to six flavors as in (66)): 
C.2.4 Gluino-quark-squark interaction
we can rewrite this Lagrangian density in the following way 
This equation gives the Feynman rule in Fig. 10 , in agreement with [8, 9] . These Feynman rules represented in Figs. 6 to 10 apply in various versions of the supersymmetric extension of the standard model, in particular in the N/nMSSM, USSM or MSSM3RHN as well as in the MSSM. 
